Introduction
Near surface atmospheric warming in Arctic regions is occurring at a rate that is approximately double that of the global mean (Serreze and Francis, 2006; Solomon et al., 2007; Hansen et al., 2010; IPCC, 2013b) . The Arctic contains large reservoirs of carbon sequestered in permafrost soils (Tarnocai et al., 2009) . As temperatures rise, these carbon reservoirs will become vulnerable to degradation, and subsequent emission, as carbon dioxide (CO 2 ) and methane (CH 4 ) (Schuur et al., 2008) . CH 4 is of particular concern, with a baseline global warming potential that is 28-34 times that of carbon dioxide on a one hundred year timescale (IPCC, 2013a) . A potential positive feedback exists whereby CH 4 emissions from natural systems are increased by a warming climate and vice versa (Gedney et al., 2004) . The resumption of increasing global atmospheric CH 4 levels since 2006 can be attributed, in part, to increasing CH 4 emissions in Arctic and high-latitude wetlands (Bloom et al., 2010; Bousquet et al., 2011) , much of which is thought to originate from increasing microbial CH 4 production (Kirschke et al., 2013) . The relative contribution of Arctic microbial CH 4 production to global CH 4 sources, however, remains highly uncertain.
Current approaches to modelling CH 4 emissions, for the most part, neglect microbial characteristics (Nazaries et al., 2013) . This is in spite of the fact that the soil microbial community is predicted to be severely impacted by a warming climate (Singh et al., 2010; Kim et al., 2012; Nie et al., 2013) . Changes in biodiversity of plants and animals are generally accompanied by shifts in ecosystem processes (Hooper et al., 2005) . Microbial biodiversity is correlated with many environmental characteristics (Naeem and Li, 1997) . Specifically for CH 4 cycling, methanotroph species richness is associated with methane oxidation rates (Ho et al. 2014) , and methanogen adiversity is correlated with methane production for temperate peat soils (Yavitt et al. 2012) . Furthermore, b-diversity of Arctic soil microbes is related to soil pH (Chu et al., 2010) , which is itself a predictor of CH 4 production in Arctic soils (Dunfield et al., 1993) . In addition to biodiversity, abundances of key microbial groups can be an important ecological characteristic. The relative proportional abundance of methanogen genes increases proportionally with PMP rates in the active layer of Arctic polygon tundra (Lipson et al., 2013) , and there is a general shift in dominance in the methanogen community from Methanobacteriacea to Methanosarcinacea with decreasing microbial a-diversity and increasing soil depth (Frank-Fahle et al., 2014; Lipson et al., 2015) . It would follow that climate change induced shifts in Arctic soil microbial communities will modulate Arctic CH 4 emissions. However, despite recent progress, the degree to which soil microbial community characteristics control Arctic CH 4 emissions remains alarmingly unclear.
In the research presented here, the relationship between the soil microbial community, soil chemistry and PMP are investigated at two remote sites on the Alaska North Slope, representing two distinct Arctic bioclimate subzones (Raynolds et al., 2006) . This work builds on previous research done in Barrow, Alaska (representing the remaining Arctic bioclimate subzone on the Alaska North Slope) and lays the groundwork for a more comprehensive understanding of soil microbial CH 4 cycling across the entire North Slope region (Lipson et al., 2013) . Additionally, this work investigates soils from two remote sites that have only recently begun being studied using soil chamber methods (Davidson et al., 2016) . The primary microbial groups investigated in this study are the methanogens and the methanotrophs. However, there is evidence that ironreduction may competitively inhibit methanogenesis (Teh et al., 2008; Lipson et al., 2010; Miller et al., 2015) , and, therefore, the iron-reducing bacteria (FeRB) are similarly investigated as well. Methanogen and methanotroph abundance data, and biogeochemical data relating to ironreduction, have been successfully incorporated into landscape methane modelling (Xu et al., 2015; Tang et al., 2016) , justifying the need to investigate these groups with regard to methane production. Through the lens of these key microbial groups, this research investigates the relatively under-studied interior western portion of the Alaska North Slope, broadening our understanding of soil microbial ecology and CH 4 cycling across Arctic tundra ecosystems.
Methods

Site descriptions/field sampling
Field sites are located at Atqasuk (70.471514, 2157.412494) (25 m elevation) and Ivotuk (68.486483, 2155.750114) (580 m elevation). Both sites are in the footprint of eddy-c ovariance towers that continuously measure CH 4 flux, net ecosystem exchange (NEE) and a variety of additional soil and meteorological parameters . Atqasuk is located 90 km south of Barrow, Alaska, 1.5 km west of the Meade River. The vegetation is dominated by tussock-sedge, dwarf-shrub and mosses on a wet sandy soil, densely interspersed with small, saturated low centre polygons and polygon troughs. Ivotuk is located 300 km south of Barrow in the foothills of the Brook's Range, approximately 1.5 km west of Otuk Creek on a gentle hill/plateau. Vegetation consists of dry tussock and inter-tussock moss with frequent small wet clay patches supporting superficial sphagnum moss communities. Gramminoid wetlands are interspersed throughout the site alongside small flowing creek features. Ice-wedge polygon features are not present at Ivotuk, probably due to both topography and active layer depth, though aerial observations indicate they may exist in the surrounding environment, and possibly at depth.
On 2 July 2013, 8 cores were collected from Atqasuk in 2 linear transects, 4 cores each, between 5 and 25 m from the eddy covariance flux tower, southwest, at headings of approximately 200 and 230 degrees. Average thaw depth and water table in the tower footprint were measured on 4 July 2013 at, respectively, 227.7 cm (below soil surface) and 27.3 cm. On 22 June 2013, 8 cores were collected from Ivotuk in a northwest transect at 10 m intervals starting 40 m from the flux tower at a heading of 330 degrees. Average thaw depth and water table in the tower footprint were measured on 18 August 2013 at, respectively, 252.9 and 28.3 cm. All cores were collected using a SPIRE corer to a depth of 40 cm through both tussock and inter-tussock vegetation. Cores were first stored in polyethylene bags in coolers at each field site for approximately 1 day before being transported to Barrow, Alaska and stored at 2408C at the Barrow Arctic Research Centre facility. Cores were shipped to San Diego State University in coolers using refrigerated air transport (Alaska Airlines Goldstreak). Total flight time was approximately 12 hours. Upon arrival in San Diego, cores were promptly driven to San Diego State University and stored at 2808C.
Initial measurements and sub-sampling
Exactly 4 cores were selected for processing from each site based on maximum depth reached and core integrity. Cores were photographed, measured and cut into sections at 10 cm depth intervals. Each cylindrical depth interval was then cut lengthwise, with one half used for experimentation and the other stored. All of the aforementioned cuts were done using a band saw.
Soil chemical and physical properties
Soil was sampled using either a band saw or hammer and chisel from each depth interval within 3 cm of DNA sampling to measure chemical and physical properties. Total organic matter was measured using loss-on-combustion. Approximately 4 g of dry soil was weighed, heated to 5008C for 24 hours and reweighed. Acid-extractable phosphate was measured by performing an HCL acid extract on post-loss-oncombustion samples and performing a spectrophotometric analysis using Ammonium paramolybdate, Potassium Antimony Tartarate, H 2 SO 4 and ascorbic acid (Page, 1982) .Samples were added to 10 mL of 1 M HCL and agitated at room temperature for 24 hours, diluted where necessary and measured on a spectrophotometer at 850 nm. Total carbon and nitrogen were measured at the SDSU Ecological Analytical Laboratory using a Finnigan DELTAplus XP isotopic mass spectrometer (Thermo Fisher, Waltham, MA) configured to a Costech 1040 elemental analyzer (Costech Analytical, Valencia, CA). Samples were dried for 24 hours, homogenized in 1.5 mL centrifuge tubes with lead BB's using the 13000-V1-24 vortex adaptor (MoBio, Carlsbad, CA), and loaded into 5 mm 3 9 mm tins. A chromium oxide/cobalt oxide combustion column was used, whereby carbon was oxidized to CO 2 and nitrogen was oxidized to NO X before being separated in a gas chromatography column. Atropine was used as a standard and measured approximately every 10 samples. Gravimetric water content was measured by weighing approximately 5 g of soil, drying at 1008C for 24 hours and reweighing. Total iron, iron II and iron III were measured using the phenanthroline method on soil HCL extracts (Analytical Methods Committee, 1978 Microbial CO 2 and CH 4 production rates An incubation experiment was performed to measure potential rates of anaerobic respiration and methanogenesis. Approximately 30 g soil subsamples were cut off the lower portions of each 10 cm depth profile using a band saw and placed in 1 quart, septa-fitted mason jars and incubated in the dark at 48C. Jars were flushed with nitrogen at 30 PSI for 2 minutes after the addition of soil samples and again after 24 hours. Sampling was performed at 36, 72 and 150 hours and measured by gas chromatography (SRI Instruments 8610C). CO 2 and CH 4 standards were injected approximately every 16 samples and rates were calculated as the slope of the linear regression line.
DNA extraction
Subsamples were taken at the midpoint from each halfcylindrical depth interval using a power drill and a 1.5 cm hollow drill bit and immediately stored in 50 mL centrifuge tubes at 2808C. The drill bit was cleaned, dried and flame sterilized between samples. Subsamples were then crushed with a hammer that was also flame sterilized between each sample. Additionally, the crushing surface was cleaned with 90% ethanol between each sample. Approximately 0.25 g of soil was used for DNA extraction with the MoBio Powersoil DNA extraction kit (MoBio, Carlsbad, CA) and DNA was quantified spectrofluorometrically with Picogreen reagent (Thermo Fisher, Waltham, MA).
Metagenomic sequencing and analysis
DNA was sequenced using the 454 Junior Sequencer (Roche Diagnostics, Indianapolis, IN). Four samples were processed for each sequencing run and differentiated afterward using RL tags. Sequencing runs were split using sff file (Roche Diagnostics, Indianapolis, IN) and then uploaded to MG-RAST (Meyer et al., 2008) . Taxonomic assignments and percent abundances of microbial phyla, methanogens, aerobic methanotrophs and iron reducing bacteria (FeRB) were inferred from gene abundances corresponding to BLAST hits from each respective group using the M5NR annotation source, 1e25 maximum e-value cutoff, 60% minimum percent identity cutoff and a minimum alignment length cutoff of 15. Soil microbial taxonomy is highly correlated with whole metagenome functional gene profiles (Fierer et al., 2012) , and microbial taxonomy has been previously inferred from whole metagenomes from coral reefs (Dinsdale et al., 2008) , validating this methodology. As iron reduction is relatively widespread, a representative selection of FeRB was used for further analysis as previously described (Lipson et al., 2013) . a-diversity was calculated using the Shannon and Simpson indices due to their contrasting treatment of dominant and rare species (Morris et al., 2014) . Species richness was reported as 'rarefied richness', whereby species hits were randomly selected corresponding to the metagenome with the lowest number of reads (to account for uneven sequencing depth between samples), and species evenness was calculated using the Pielou Index. The bdiversity between metagenomes was estimated by first square rooting and double-Wisconsin transforming raw hits, and then calculating Bray-Curtis dissimilarities (Bray and Curtis, 1957) . The b-diversity was visualized with non-metric multidimensional scaling using the vegan package in R (Oksanen et al., 2016) . Environmental variables were correlated with pairwise distances using the 'envfit' function, also from the vegan package in R, with 100,000 permutations and 0.01 as a maximum p-value. For combined analyses between environmental variables and metagenomic data, 10 cm depth intervals were used, as grouping factors, rather than exact sampling depths. Data from one of the 16 metagenomes (AQ6A -Atqasuk, core 6, 5 cm depth) was lost due to technical difficulties and is absent from analysis. All metagenomes are publically available for download or analysis from the MG-RAST database (http:// metagenomics.anl.gov/linkin.cgi?project5mgp11381).
Statistics
Linear mixed effects models (LMEMs) were used in most analyses, when appropriate, using the lme4 package in R (Bates et al., 2015) . Soil depth was generally included with random slopes and intercepts, though in some cases the model complexity was reduced (due to non-convergence) to a random-intercept-only model or, in some cases, OLS regression. The decision to use LMEMs with random slopes and random intercepts is based on the finding that LMEMs with maximal random effects perform better, are more generalizable, and provide more conservative estimates than traditional fixed-effects models (Barr et al., 2013) . The p-values for mixed effects models were obtained by using a log likelihood test to compare the full model to a null model that excluded the fixed effect (Barr et al., 2013) . The amount of variance explained by the model was estimated as marginal R 2 values (R 2 m ) for random effects, and conditional R 2 values (R 2 c ) for the whole model (random effects 1 fixed effects) (Nakagawa and Schielzeth, 2013) . As none of the analyses were done on untransformed raw count data, which is best analyzed using Poisson or other distribution-based models (O'Hara and Kotze, 2010), data was log-transformed (when necessary) to address non-normality (skewedness), heteroscedasticity and high leverage. Log-transformation was verified to resolve these issues using the Shapiro-Wilk test for normality, the Breusch-Pagan test for heteroscedasticity and graphical examination of residuals.
Results
Distribution of taxa percent abundances by site and depth
The most abundant microbial phyla at both sites were the Proteobacteria (39%), Acidobacteria (17%), Actinobacteria (14%), Bacteroidetes (7%) and Firmicutes (6%), which accounted for greater than 80% of all sequences found (Supporting Information Fig. S1A ). The Acidobacteria were much more prevalent in Ivotuk (26%) than in Atqasuk (9%), and represented the most significant difference found in the microbial community between sites at the phyla level (p 5 0.003). The Bacteroidetes (p 5 0.02) and the Firmicutes (p 5 0.04) were lower in Ivotuk than in Atqasuk. The Euryarchaeota, which contain the methanogens, were also significantly lower in Ivotuk than Atqasuk (p 5 0.01). Across both sites, the Proteobacteria and Plantomycetes significantly decreased with soil depth while the Firmicutes and Euryarchaeota increased (Supporting Information Fig. S1B ).
Over half of the methanogenic families at both sites were from the Methanosarcinaceae (48%) and the Methanosaetaceae (7%), which, together, carry out acetoclastic methanogenesis (Kendall and Boone, 2006) . The second and third highest abundances of methanogens were from, respectively, the Methanobacteriaceae and the Methanomicrobiaceae (Supporting Information Fig. S1C ). In Atqasuk, there was a higher percent abundance of Methanocellaceae (p 5 0.03) and Methanosaetaceae (p 5 0.02), than in Ivotuk. The distribution of methanogenic families did not significantly vary with soil depth (Supporting Information Fig. S1D ).
Aerobic methanotroph families at both sites were dominated by the Methylobacteriaceae (40%), followed by the Methylococcaceae (19%), Methylophilaceae (17%), Beijerinckiaceae (13%) and Methylocystaceae (12%). The percent abundances of all but one of the methanotrophic families were very similar, with only marginally significant differences between sites (Supporting Information Fig.  S1E ). The methanotrophic members of the Beijerinckiaceae were notably higher in Ivotuk (p 5 0.02). There were no significant differences in specific methanotroph family percent abundances with soil depth (Supporting Information Fig. S1F ).
Nearly half of the distribution of representative FeRB, at the genus level, were represented by Geobacter (47%). The remaining representative FeRB, in descending order, were Anaeromyxobacter (25%), Pelobacter (12%), Shewanella (8%), Desulfuromonas (4%) and Carboxydothermus (4%). The only significant difference between sites was with Anaeromyxobacter (p 5 0.02), which was more abundant in Ivotuk (Supporting Information Fig. S1G ). Across both sites, Geobacter increased with soil depth (p 5 0.01) while a decrease was observed in Anaeromyxobacter (p 5 0.03) and Shewanella (p 5 0.002) (Supporting Information  Fig. S1H ).
Total percent abundances of microbial groups
On average, there was a higher percent abundance of methanogens (p 5 0.02) and FeRB (p 5 0.003), in Atqasuk than Ivotuk, though there was no significant difference in methanotrophs between sites (p 5 0.1) (Fig. 1A, C and E). Methanogens and FeRB increased with depth at both sites while Methanotrophs decreased with depth only in Atqasuk and not in Ivotuk (Fig. 1B, D and F) . Notably, percent abundances of methanogens and FeRB covaried significantly across all samples through a logarithmic relationship (p < 0.0001, R 2 5 0.86) (Supporting Information Fig. S2 ).
Potential methane production and potential anaerobic respiration ) (p 5 0.007), and increased with depth at both sites, though the depth relationship was only marginally significant in Atqasuk (p 5 0.06) ( Fig. 2A and B) . Potential anaerobic respiration was not significantly different between sites, and, interestingly, increased with depth in Ivotuk (p 5 0.02, R 2 5 0.34) but decreased with depth in Atqasuk (p 5 0.0004, R 2 5 0.60) ( Fig. 2C and D) . PMP correlated positively with both methanogen (p 5 0.0001, R 2 5 0.59) and FeRB (p 5 0.003, R 2 5 0.52) percent abundances, and negatively with methanotroph (p 5 0.0003, R 2 5 0.64) percent abundance (Fig. 3) . Headspace pressure was not explicitly measured in incubations, though this was not expected to have significantly affected results. The maximum headspace pressure increase was estimated to be 0.35% from respiration rates. The maximum headspace pressure decrease was estimated to be 6.34% from sampling. Neither estimate takes into account dissolved gases in soil water. The dominant estimated pressure change (sampling) occurs evenly across all incubations.
Species a-and b-diversity
The microbial community in Atqasuk had a significantly higher Shannon (p 5 0.001) and Simpson (p 5 0.002) species diversity than in Ivotuk, though rarefied species richness was not significantly different between sites (p 5 0.08) (Fig. 4A , C and E). There was no significant relationship between species diversity and depth at either site with the exception of Shannon diversity in Atqasuk, though this relationship was barely significant (p 5 0.043) (Fig. 4B, D and F) . Whole community Shannon diversity was a significant correlate of PMP (p 5 0.014) while Simpson diversity (p 5 0.05) and rarefied species richness (p 5 0.04) were only marginally significant correlates (Supporting Information  Fig. S3A , B and C). Methanogen a-diversity followed a similar pattern to the entire microbial community, with Shannon diversity as the strongest correlate of PMP (p 5 0.001, R 2 5 0.55) (Supporting Information Fig. S3D , E and F). There were no significant relationships between aerobic methanotroph richness or diversity and PMP, which was expected given that the incubations were anaerobic (Supporting Information Fig. S3G , H and I). FeRB rarefied species richness was also unrelated to PMP, though FeRB Simpson diversity (p 5 0.001, R 2 5 0.37) Fig. S4 ). Formate concentration, potential methane production and soil pH were all significantly correlated with the whole Biogenic methane production in the Arctic 3403 microbial community b-diversity at the species level (p < 0.01) (Fig. 5A) . Neither methanogen nor methanotroph bdiversity were significantly correlated with potential methane production, though methanogen b-diversity was significantly correlated with percent soil carbon (p 5 0.002) (Fig. 5B) . Methanotroph b-diversity did not significantly correlate with any environmental variables (Fig. 5C ). FeRB b-diversity, similar to the whole microbial community, was significantly correlated (p < 0.01) with soil pH, potential methane production and soil formate concentration (Fig. 5D ).
Soil chemistry
Soil pH was a significant correlate of log-transformed PMP (p 5 0.011), with higher CH 4 production observed in more neutral soils and lower production in more acidic soils (Fig. 6) . Of the dissolved organic acids investigated in this Table S1 ), only formate concentrations correlated with PMP (Supporting Information  Fig. S5) . Acetate, the sole substrate for the acetoclastic methanogenesis pathway, had no relationship with PMP (data not shown). Interestingly, the proportion of hydrogenotrophic to total methanogens was related to PMP (Supporting Information Fig. S6 ), though this relationship was not very strong (p 5 0.02, R 2 5 0.25), and was primarily driven by samples from Atqasuk.
Discussion
The results presented here demonstrate the complex manner in which the soil microbial community structure and soil pH may influence Arctic CH 4 biogeochemistry. Of particular importance are the potential roles that species diversity and species evenness play in CH 4 production, and the possible role of functional redundancy of the methanogens. The fact that both soil pH and microbial diversity are strong correlates of methane production, though also co-vary with one another, indicate that more work is needed to determine which characteristics are driving CH 4 production patterns, and how these characteristics influence one another. 
Microbial community
Microbial diversity has been previously linked to soil pH (Fierer and Jackson, 2006; Chu et al., 2010) , methanogenesis rates (Yavitt et al., 2012) , and rates of other biogeochemical processes, such as denitrification (Philippot et al., 2013) and methane oxidation (Ho et al., 2014) . Soil pH by itself is a strong predictor of methane production in the Arctic and elsewhere (Dunfield et al., 1993; Wang et al., 1993) , with higher methane production associated with more neutral pH. Our results agree with these findings, with higher methane production observed in soils from Atqasuk, the less acidic site, and a positive relationship between log-methane production and more neutral soil pH across all samples (Fig. 6 ). This effect is probably due to non-optimum pH causing a combination of physiological stress on methanogenic archaea (Br€ auer et al., 2006), a reduction in microbial diversity and changes to soil redox characteristics. Proportional abundances of methanogen and methanotroph genes were strong correlates of, respectively, high, and low PMP (Fig. 3 ). This agrees with previous work showing relationships between methanogen and methanotroph gene abundances and methane production from peat soils (Freitag and Prosser, 2009; Freitag et al., 2010) . The proportional abundance of FeRB also correlated with PMP rates through a positive relationship, which was unexpected, given that ironreduction can compete with methanogenesis (Bond and Lovley, 2002) . However, reduction of Fe 31 to Fe 21 can increase soil pH, thereby alleviating inhibition of methanogenesis associated with soil acidity (Tang et al., 2016) , and possibly negating the effect of competitive inhibition of the methanogens. There is not a good universal marker that encompasses all FeRB, as there are many different mechanisms for iron-reduction (Weber et al., 2006) . It is possible that, while microbes capable of iron-reduction are present, iron-reduction itself is not necessarily occurring. However, FeRB and methanogen abundances were very strongly correlated (Supporting Information Fig. S1 ), indicating that both microbial groups prefer similar environmental conditions and that iron reduction probably co-occurs spatially with methanogenesis in these soils. Atqasuk, the more pH-neutral site (Supporting Information Table S3 ), had higher a-diversity than Ivotuk. Interestingly, there was no notable relationship between adiversity and soil depth, with an exception being a marginally significant increase in Shannon diversity with depth in Atqasuk. This contradicts previous reports of decreasing diversity with depth in Arctic soils (Frank-Fahle et al., 2014; Lipson et al., 2015) . The a-diversity of the entire microbial community and the methanogens, and b-diversity for the entire microbial community, both correlated with PMP. However, no correlation between b-diversity of the methanogens and PMP was found. This indicates that, while diversity of the microbial community, and the methanogens, is associated with methane production, the distribution of methanogen species abundances is less important. Given the limited number of methanogenic substrates (acetate, H 2 , formate, methylated compounds, primary alcohols, etc.) and the fact that most methanogens can use most substrates for methanogenesis, it is possible that there is functional redundancy in methane production across the methanogenic communities studied here. Furthermore, the Shannon index provided a stronger relationship with PMP than the Simpson index. As the Shannon index is defined as H 0 5 P R i51 p i lnp i , the influence of rare members is enhanced by multiplying p i by the natural logarithm of p i , while the influence of dominant members is diminished. Conversely, the Simpson Index is defined as k5 P R i51 p 2 i , causing dominant members to have increased influence by squaring p i and lessening the impact of rare members (McGarial and Marks, 1995; Nagendra, 2002) . This provides some indication that patterns in methane production may be driven by rare methanogenic species, though this would need to be tested explicitly in order to be confirmed or refuted. Thus, while the bulk of the methanogenic community in Arctic soils can vary dramatically, very little of these differences translate to changes in methane production. Investigation of less dominant species, particularly those with specialized metabolisms, may yield important relationships.
The relationship between soil formate and the microbial community parallels the relationship between PMP and the microbial community. As most hydrogenotrophic methanogens can utilize formate, and acetoclastic methanogens cannot (Hedderich and Whitman, 2013; Oren, 2014) , these results, along with the correlation between formate concentration and PMP (Supporting Information Fig. S5 ), may indicate a relationship between substrate (formate) concentration and the hydrogenotrophic pathway in Arctic soils. Soil acetate concentrations showed no relationship with either microbial community structure, nor methane production. which agrees with previous findings showing that soil acetate concentrations are unconnected to Arctic methane production Von Fischer et al., 2010) . It is important to note that methanogenic substrates were not added to incubations in this study, and, as such, PMP rates were not optimized. Thus, PMP may be underestimated in the study presented here.
The fact that a-diversity of the FeRB is negatively associated with PMP, while the percent abundance of FeRB is positively associated, points to the role of the community structure of this group influencing methane production in Arctic soils. Unlike the methanogens, Simpson diversity of the FeRB is a slightly better correlate of PMP than Shannon diversity, meaning dominant species have a greater effect on this relationship. Interestingly, rarefied species richness has no relationship with PMP, while species evenness was strongly correlated with PMP. These results indicate that the effect of FeRB on methanogenesis in these soils is probably through a greater role of dominant, rather than rare FeRB species, and that species evenness of this group is an important characteristic.
Taken together, this study reveals relationships between patterns of microbial diversity, microbial community structure and methane production in Arctic soils, and lends support for the notion that community diversity or functional groups, each taken alone, may be insufficient to adequately describe relationships between the biological community and ecosystem processes (Hector et al., 1999; McCann, 2000; Tilman et al., 2001) . Importantly, this study incorporates data from two distinct sites on the Alaska North Slope, which are representative of over 140,000 km 2 of Arctic Alaska (Raynolds et al., 2006) , or 470,000 km 2 of the circumpolar Arctic (Walker et al., 2005) , and broadly agrees with differences in PMP rates between sites using chamber measurements (Davidson et al., 2016) . Proportional abundances of either methanogens or methanotrophs or diversity measures of the methanogens or the entire microbial community, strongly correlate with potential methane production. Given the spatial heterogeneity of Arctic soils with regard to methane fluxes (Davidson et al., 2016) , microbial data obtained through high-throughput sequencing could provide a supplementary method to generate crude predictions of CH 4 emissions where traditional methods are unfeasible, where geographical gaps exist in current studies, or at the very least to validate eddy-covariance and chamber methods, especially with regard to belowground processes. This study also demonstrates the importance of rare soil microbial communities, and validates the importance of 'the rare biosphere' (Lynch and Neufeld, 2015) in microbial biogeochemical cycling. Finally, this work begins to addresses the complex relationship between soil chemistry and functional microbial groups, the understanding of which will be critical to informing the next generation of landscape-level and global CH 4 models (Xu et al., 2015 Tang et al., 2016) . This study is limited in that it tries to tease apart the role of specific microbial groups in the complex process that leads to CH 4 production in Arctic soils. The strongest predictors of in situ Arctic CH 4 emissions are water table position, temperature and vegetation cover (Olefeldt et al., 2013) . While holding incubations at a constant 48C in anaerobic conditions probably control for the effects of water table and temperature, the role of vegetation cover is ignored here. Vegetation differences are linked to soil substrate availability (Str€ om et al., 2003) and differences in CH 4 concentrations . Additionally, this work focuses on soil samples collected at a specific time point and does not take into account possible seasonal changes in the microbial community. Dramatic changes in the microbial community may occur during both the early summer, as the soil profile rapidly thaws, and the fall and early winter, as the soil profile slowly freezes both upward from the permafrost, and downward from colder air temperatures and a lack of sunlight. CH 4 emissions occur for several months after the soil surface initially freezes , though it is not clear what role the microbial community plays during this period. Future work should be directed at performing manipulative laboratory experiments, followed by field studies using chamber measurements which explicitly account for vegetation differences and takes into consideration the early summer and fall transition periods. The methanotroph community should be investigated more thoroughly with the inclusion of aerobic incubations paired with methane oxidation rates. Specifically, the relationship between methane production in deeper soil layers and methanotroph abundance and diversity in upper soil layers should be investigated in these soils. Better methods for specifically identifying the FeRB should be studied in order to more unambiguously tie the FeRB to CH 4 production. The effects of soil pH, iron reduction, soil microbial diversity and rare species abundances should be isolated in order to disentangle the relative level of control each of these characteristics exert on PMP and landscape-level CH 4 emissions.
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Additional Supporting Information may be found in the online version of this article at the publisher's web-site: Fig. S1 . Percent abundance of the ten most abundant microbial phyla (A, B), the methanogen families (C, D), the methanotroph families (E, F), and the FeRB genera (G, H). Error bars 5 SEM. Significance for site differences assessed using a t-test, and depth differences using ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001. Fig. S2 . Relationship between methanogen and FeRB percent abundances. Regression line is the exponentiation of the linear regression of log-methanogen percent abundance as a function of FeRB percent abundance. Fig. S3 . Potential methane production (PMP) as a function of rarefied species richness, Shannon diversity and Simpson diversity for the whole microbial community (A-C), the methanogens (D-F) , the methanotrophs (G-I) and the ironreducing bacteria (FeRB) (J-L). A linear mixed effects model with varying intercepts for sample depth interval was fit for each diversity index. OLS regression was fit for Shannon and Simpson indexes for the FeRB due to a lack of improvement when using mixed effects. R Fig. S4 . Relationship between methane production and species evenness using the Pielou index for the whole microbial community (A), the methanogens (B), the methanotrophs (C) and the FeRB (D). A linear mixed effects model with varying intercepts for sample depth interval and study site was fit. OLS regression was fit for the methanogens due to a lack of improvement when using mixed effects. R 2 m 5 marginal R 2 (random effects), R 2 c 5 conditional R 2 (whole model), p lme 5 p-value estimate obtained from log likelihood test with null model. n 5 15. Fig. S5 . Relationship between soil formate concentrations and methane production. Regression line is the exponentiation of the linear regression of log-methane production as a function of formate concentration. Fig. S6 . Relationship between methane production and the ratio of hydrogenotrophic:total methanogen abundances. A linear mixed effects model with varying intercepts for sample depth interval and study site was fit. R Table S1 . Concentrations of organic and inorganic anions as measured through ion chromatography. Table S2 . Soil chemical properties. Table S3 . Soil physical properties.
